We report observations and analysis of infrared spectra of H + 3 and CO lines in the Galactic center, within a few parsecs of the central black hole, Sgr A*. We find a cosmic ray ionization rate typically an order of magnitude higher than outside the Galactic center. Notwithstanding, the elevated cosmic ray ionization rate is 4 orders of magnitude too short to match the proton energy spectrum as inferred from the recent discovery of the TeV γ-ray source in the vicinity of Sgr A*.
Introduction H + 3 and the cosmic ray ionization rate
The ionization of molecular hydrogen by cosmic rays -mainly high energy protons, helium nuclei, and electrons -has diverse and important † Based on data collected in the course of CRIRES Science Verification program (60.7A-9057) and open-use program (079.C-0874) at the VLT on Cerro Paranal (Chile), which is operated by the European Southern Observatory (ESO). Based also on data collected at Subaru Telescope, which is operated by the National Astronomical Observatory of Japan.
* To whom correspondence should be addressed ‡ Universitäts-Sternwarte München ¶ Johns Hopkins University § Gemini Observatory Subaru Telescope influences on the physics and chemistry of interstellar molecular clouds. It is a significant heat source in interstellar clouds, through the secondary electrons liberated in the ionization process. If a cloud is even slightly ionized, its internal motions are restricted by the ambient magnetic field. In star forming clouds the timescale for cloud collapse is affected by the ionization fraction. Ion-neutral reactions, which generally proceed with large Langevin rates, are the main propellant of interstellar chemistry; neutral-neutral reactions have reaction barriers and are consequently prohibitively slow at the low-temperatures of interstellar molecular clouds. Thus chemistry in molecular clouds is driven by the cosmic ray ionization of H 2 . Interstellar molecular clouds come in a range of sizes and densities, but for many purposes may be regarded as consisting of two types: diffuse clouds (10 cm −3 < n < 3 × 10 2 cm −3 ) and dense clouds (n > 3 × 10 2 cm −3 ). Regardless of the cloud type the ionization of H 2 within a cloud occurs almost exclusively by cosmic rays collisions. Photons capable of ionizing H 2 (i.e., with E >15.4 eV) 1 are consumed outside the cloud or on its surface by the ionization of atomic hydrogen (ionization potential 13.6 eV) and/or absorption by dust particles and thus have little or no effect on physics and chemistry in the interior. Ultraviolet photons with less than this energy penetrate diffuse clouds; as a result hydrogen in them is only partly in molecular form and the abundant element carbon is mainly atomic and singly ionized due to its low ionization potential (11.3 eV) . In dense clouds dust does not allow near-ultraviolet radiation to penetrate. As a result dense clouds are essentially fully molecular (e.g., virtually all H in H 2 and all C in CO).
The ionization collisional cross-section of H 2 peaks at 70 keV 2,3 and decreases to higher energy as a power law. It is thought that the cosmic rays that contribute most significantly to the ionization of H 2 within clouds have energies, E < 100 MeV. Their intrinsic spectrum, however, cannot be directly measured from inside the solar system, because the influx of cosmic rays with E < 1 GeV is deflected by the solar wind and magnetic field. One must therefore rely on indirect techniques to determine the cosmic ray ionization rate of molecular hydrogen, ζ 2 , either by appealing to the energetics of the interstellar medium, 4 or to the chemistry by observing the abundances of molecules formed in reactions triggered by cosmic ray ionization of H 2 , such as OH, HD, HCO + , [5] [6] [7] or H + 3 . Of these molecules H + 3 , first detected in molecular clouds 17 years ago, 8 is the most reliable probe of the cosmic ray ionization rate of molecular hydrogen, simply because the number of the reactions involved in its production is effectively the minimum, one. In a molecular cloud, once H 2 is ionized, the reaction, H is dominated by fast electron dissociative recombination in diffuse clouds and by chemical reaction with CO to form HCO + in dense clouds. Both reactions have been well studied in the laboratory. Equating creation and destruction rates one obtains (1)
in dense clouds and (2)
in diffuse clouds, where k e and k CO are the dominant H + 3 destruction rate coefficients for the two types of clouds, and k e is larger than k CO by roughly two orders of magnitude at typical cloud temperatures. In each type of cloud, however, the steady state density of H + 3 depends linearly on the cosmic ray ionization rate.
High local cosmic ray ionization rate
Until a decade ago, ζ 2 was simplistically considered to be roughly uniform throughout much of the Galaxy, with values within a factor of 3 of 3×10 −17 s −1 , because the great penetrating power of typical cosmic rays was thought to smooth out local influences of particle accelerators. Studies of interstellar clouds using H + 3 have now conclusively demonstrated that this is not the case. They have revealed that values of ζ 2 in diffuse clouds are on average an order of magnitude higher than in dense molecular clouds, 9-11 a finding most easily explained by a large and heretofore unrecognized population of low energy (< 10 MeV) cosmic rays, which penetrate diffuse clouds much more effectively than dense clouds. 12 In addition, real and large differences in the rates deduced for different diffuse clouds have been found. 10 Finally, a direct connection between a particle acceleration source and the local cosmic ray ionization rate has been demonstrated by Indriolo et al. 13 near the supernova remnant IC 443, where ζ 2 = 2 × 10 −15 s −1 , an order of magnitude higher than in typical diffuse clouds in the Galaxy.
Much higher ionization rates than those reported above are predicted in especially energetic environments, within galactic nuclei or near the highest energy supernovae. Yusef-Zadeh et al. 14 has argued that the ionization rate could be as high as 5 × 10 −13 s −1 near the center of the Milky Way galaxy, in locations where high energy electrons that produce X-ray and non-thermal radio emission encounter dense molecular clouds. Likewise, Tatischeff et al. 15 estimate that the ionization rate in the Galactic center's Arches Cluster is 1 × 10 −13 s −1 . The prediction by Becker et al. 16 (also Black 17 ) is even more extreme: ionization rates of ∼1 × 10 −12 s −1 near γ-ray emitting supernova remnants, if they are the principal sources of Galactic cosmic rays.
The subject of this paper is the ionization rate in what may be the closest dense molecular cloud to the Galactic center where H + 3 R(2,2) l absorption was first detected in the interstellar medium by Goto et al. (2008) . 18 The ionization rate measured using the new data with improved velocity resolution is compared to the ionization rates expected from the X-ray and the cosmic ray flux in the central few parsecs of the Galactic center.
The Central Molecular Zone
As suggested above, the very innermost region of the Galaxy is a site where one might expect to find extreme values of ζ 2 . The rate per unit volume of supernova outbursts in the center is estimated to be 0.04 times per century, 19 2000 times higher than the Milky Way average. 20, 21 Despite these and other violent events and the generally high energy density, molecular gas is abundant in the center. Indeed the central 200 pc of the Galaxy, known as the Central Molecular Zone, 22 contains one tenth of the entire molecular mass of the Milky Way in its scant 0.001% of the volume. 22 A significant fraction of the molecular gas in the Central Molecular Zone is found in giant and dense molecular clouds, which take up only a small fraction of the volume of the Central Molecular Zone. However, spectroscopy of H + 3 has recently shown that molecules also are plentiful outside of those clouds. Indeed a large fraction of the volume of the Central Molecular Zone is filled with warm (∼250 K) and much more rarified (≤100 cm −3 ) molecular gas. 23, 24 Within this diffuse molecular gas ζ 2 has been estimated to be (2-7) × 10 −15 s −1 , 24 roughly an order of magnitude higher than the average value for diffuse clouds outside of the center.
The central few parsecs
Here we focus on molecular gas within the central few parsecs of the Central Molecular Zone, a tiny region containing a massive black hole Sgr A*, 25 a multitude of old stars, and a "Central Cluster" of ∼10 2 young, hot and massive stars (also known as the nuclear star cluster 26 ). A sketch of this "laboratory" is shown in 1. The principal gaseous structure there is the Circumnuclear Disk, 27,28 a clumpy stream of molecular clouds, with inner radius 1.5 pc, orbiting Sgr A*. The gas density drops from 10 4 -10 7 cm −3 within the Disk 29,30 to 10-100 cm −3 in the Central Cavity, 31 the low-density region between Sgr A* and the inner surface of the Circumnuclear Disk. Gas in the Central Cavity is partly ionized by the radiation from the stars in the Central Cluster. 32, 33 The high-mass stars in the Central Cluster formed approximately 6 Myrs ago, and are now at the end of the main-sequence evolutionary phase. 34 Among them, two of the brightest at mid-infrared wavelengths are GCIRS 1W and GCIRS 3. Gas in the cavity is partly ionized by the hot stars in the Central Cluster. The radiation and the stellar winds from those stars are the main source of radiation and kinetic energy injected into the Central Cavity. 35, 36 The HII region of the Central Cavity together with a few distinct streamers of the molecular clouds ("Mini-spiral") are collectively called Sgr A West. 37, 38 Observations Absorption spectroscopy in astronomy is similar to absorption spectroscopy in the laboratory. In each case the experimental setup consists of a background light source, the spectrograph, and a sample placed between the two. For this study the light sources were GCIRS 3 and GCIRS 1W in the Central Cluster within a few tenths of a parsec of Sgr A* as viewed in the plane of the sky. The spec-trograph was the Cryogenic Infrared Echelle Spectrograph (CRIRES) 39 (λ /∆λ =50,000-100,000) on the Very Large Telescope (VLT) at the Paranal Observatory in Chile. The sample was the gas between the Earth and the Galactic center, which are separated by 8 kpc. 40, 41 In actuality almost all of the intervening gas is within the Central Molecular Zone or associated with Galactic spiral arms between the Central Molecular Zone and the Earth.
The targeted spectral lines of H + 3 were v 2 vibrational transitions from the (J,K)=(1,1), (3, 3) and (2,2) levels at λ =3.5-3.7 µm. Each of these lines is an important diagnostic. The line from the (1,1) level provides in a straightforward manner the column density in the lowest energy level. The (3,3) level, 361 K above (1,1) is metastable; when collisionally populated, as is the case in the Central Molecular Zone, it serves as a (densityindependent) thermometer. The (2,2) level, at an intermediate energy, has a lifetime against spontaneous emission of 27 days; for temperatures not much lower than its excitation, 150 K, lines from (2,2) are densitometers for low density clouds. In addition to these lines of H 
Results

Gas in the Central Molecular Zone
Spectra toward GCIRS 3 and GCIRS 1W of the three H + 3 lines and the low-lying 13 CO P(1) line are compared in 2. Spectra of a much wider range of 13 CO lines toward GCIRS 3 are shown in 3. As can be seen in 2, with the exception of the densitysensitive H ing discussion the presence of the R(3,3) l line and absence of the R(2,2) l line over much of this range implies that at most velocities where warm molecular gas exists it is at low density.
For the most part the pairs of spectra of the other three lines have nearly identical profiles over much of their velocity ranges. This is not surprising, as both the Central Molecular Zone and the intervening Galactic arms are enormous structures compared to the separation of the GCIRS 3 and GCIRS 1W lines of sight, ∼0.3 pc (one lightyear). The physical conditions in the adjacent absorbing columns would not be expected to differ much over such a small separation distance. On the other hand, the Circumnuclear disk and gas physically associated with it are much smaller so it would not be surprising to see differences in that part of the absorption profile contributed by them.
Previous studies of H + 3 and CO lines toward these and other infrared sources in the Galactic center over much wider range of sightlines than those shown here, together with knowledge of Galactic structure gleaned mainly from radio observations, allow one to clearly associate large portions of these line profiles with gas in the Central Molecular Zone and the foreground arms. 18, 24, 42 The narrow absorption features near 0, −30 and −50 km s −1 , common to the H + 3 R(1,1) l and 13 CO lines are associated with cold and dense molecular gas in the foreground Galactic arms. On the other hand, the shallow trough of absorption seen in the R(1,1) l line profile to extend roughly from −200 to 0 km s −1 , nearly perfectly matched by the full R(3,3) l profile, but conspicuously absent in the both R(2,2) l and 13 CO profiles, must be produced by warm and low-density gas which, while containing H 2 (otherwise there would be no H + 3 ), contains little or no CO. This description is the calling card of diffuse molecular gas, as introduced earlier in this paper. The wide spatial and velocity extents of these absorptions and the warm temperature of the gas require that the gas be located within the Central Molecular Zone, and expanding outward from the center. 
Gas in the Central Cavity
The largest differences between the line profiles toward GCIRS 1W and GCIRS 3 in 2 are at velocities greater than about +20 km s −1 . This velocity range is shown in more detail in 4; note that in this figure we show the 13 CO R(4) line as it is more representative of the 13 CO line profiles in this velocity range than the P(1) line shown in 2.
In general the sightline toward GCIRS 3 produces stronger absorptions than GCIRS 1W at v > +20 km s −1 , but there also are differences in the shapes of the profiles between the two objects. Toward GCIRS 3 the absorption maxima of all the three H + 3 lines occur at ∼ +50 km s −1 . Absorption by all but the lowest lying 13 CO lines also peak near that velocity (see 3 and the bottom right panel of 4).
Apart from GCIRS 1W and GCIRS 3 none of the observed sightlines through the Central Molecular Zone within 30 pc of the center produce absorption at v >+20 km s −1 in any of the H + 3 lines. 18 Moreover, the presence of both the excited H + 3 lines and the 13 CO absorption from excited rotational levels (see 3) implies that the absorbing gas is warm. Such absorptions cannot be produced by the cold gas of the foreground spiral arms, but instead must arise in the Galactic center.
Despite the similarity in velocities we conclude that these absorptions by H + 3 and CO do not arise in the well-known "+50 km s −1 " giant molecular cloud (M−0.02−0.07), 43, 44 which is located within the Central Molecular Zone, has dimensions of roughly 20-30 pc, and is known from a multitude of radio wavelength studies to extend across the sightlines to GCIRS 1W and GCIRS 3. The large differences between the absorption profiles at positive velocities in GCIRS 3 and GCIRS 1W tends to rule out the absorption occurring in such a large cloud.
This foregoing suggests that the absorption at positive velocities occurs very close to GCIRS 3 and we thus consider the possibility that the absorption arises in the Circumnuclear disk and/or dense clouds that come off from the Circumnuclear disk to the Central Cavity. 5 is a contour map of the Circumnuclear disk in the HCN J =4-3 line obtained by Montero-Castaño et al., 28 on which is superimposed a K-band (λ =2.2 µm) image of the stars in the Central Cluster retrieved from the VLT archive. As is shown in an expanded view (6) a compact "clump I" (Montero-Castaño et al.), which may be physically connected to the Circumnuclear disk, positionally coincides with GCIRS 3, while the line of sight to GCIRS 1W is clear. Note that, as n crit ∼ 10 8 cm −3 for the HCN J =4-3 shown in 5, this transition predominantly traces the highest density portions of the disk. Lower density molecular gas with much weaker HCN emission in this line could extend considerably inward from the outermost contours.
To investigate the relationship between clump I and the Circumnuclear disk, HCN line emission spectra were extracted along a line connecting the densest portion of the Circumnuclear disk at clump H 28 with clump I and are shown in 7. From them it is clear that (1) the Circumnuclear disk gas at clump H, seen at LSR velocities of +50-+60 km s −1 , extends inward across the sightline to GCIRS 3 and close to clump I, but not to GCIRS 1W, and (2) clump I itself is mainly associated with gas at a radial velocity of ∼ −30 km s −1 . It would then appear that −30 km s −1 gas in clump I is not physically connected to the Disk. As can be seen in 8 at GCIRS 3 the HCN emission line profile near +50 km s −1 is an excellent match to the H 
Temperature and density
We convert the measured equivalent widths of the H + 3 absorption lines in the interval +20 to +80 km s −1 to column densities in the (1,1), (2, 2) and (3,3) states using standard procedures (see Goto et al. 2008 ) and utilizing the dipole transition moments given by Neale et al.. 45 The absorpiton arising in the diffuse clouds at the same velocity range, whose prsence is apparent in the spectra of GCIRS 1W, were removed by subtracting the spectra of GCIRS 1W from those of GCIRS 3 prior to the measuremment of the equivalent widths. Using the steady state analysis of Oka and Epp 46 one can then use the relative level populations to estimate the temperature and the density in the absorbing gas. We find 250 K< T <350 K and >500 cm −3 (9). This is sufficiently dense for the gas to be classified as a dense cloud. Unsurprisingly it is much warmer than the typical Galactic equivalent. The derived density is far less than the critical density of the HCN J =4-3 transition, suggesting that observed H + 3 inhabits a different por- 
The cosmic ray ionization rate
Here we derive the cosmic ray ionization rate in the +50 km s −1 gas on the line of sight to GCIRS 3. In Goto et al. 2008 ζ 2 was calculated assuming the cloud at +50 km s −1 is diffuse, as in the case for the other clouds filling the large part of the Galactic center. The gas likely has the properties of a dense cloud (i.e, it is fully molecular), as is discussed above, and therefore we use equation (1) , which can be re-expressed as
where L is the pathlength through the cloud, 49 and multiplied by 1.5 to take into account the 2) and n(3,3)/n(1,1) in the lines of sight to GCIRS 3 and GCIRS 1W, derived from the steady state analysis by Oka and Epp. 46 The gray dots correspond to other sightlines to sources in the Galactic center within 30 pc of Sgr A* 18 that mostly sample the gas in the Central Molecular Zone. Note the higher temperatures and density in the gas in front of GCIRS 3 at radial velocities +20 to +80 km s −1 (red triangle).
other minor destruction paths (especially H
is the fractional abundance of carbon relative to hydrogen in the solar vicinity, and R x is the correction factor to take into account the higher abundances of elements other than H in the Galactic center.
We take L to be 0.1 pc, roughly half the distance between GCIRS 3, which lies behind the arm, and GCIRS 1W, where the cloud is absent, and R x = 3, a conservatively low value in the range proposed to date. [52] [53] [54] [55] [56] The total column density of H We thus obtain ζ 2 = 1.2 × 10 −15 s −1 .
We regard the above value for ζ 2 as a lower limit, because we have used a low value for R x and also have assumed that the +50 km s −1 gas is fully molecular, which may well be the case for the dense core which produces the HCN J =4-3 line emission, but may not be in the outer more exposed, lower density regions where the bulk of the H + 3 absorption is likely to occur. The value of the ionization rate thus may not differ greatly from values of (2-7) × 10 −15 s −1 derived for the Central Molecular Zone as a whole by Oka et al. (2005) .
Sources of H 2 Ionization
These values of the ionization rate are among the highest measured in the Galaxy. It is therefore of interest to consider possible sources of the ionizing particles. The black hole in Sgr A*, nearby supernova remnants, and energetic winds from stars in the Central Cluster are all potential particle accelerators. We have assumed so far that cosmic ray is the sole source of ionization of H 2 . This is probably the case for the Central Molecular Zone, where the size of the medium (∼200 pc) is much larger than the range of the X-ray photons (σ x ≈ 10 −22 cm −2 at 1 keV 57 ), therefore Xray does not directly contribute to the ionization in much of the region, but need not be the case in the central few parsecs. There the ionization can be due to the local sources. We discuss below the H 2 ionization by the cosmic rays as well as by X-rays, and estimate the expected ζ 2 for each mechanism.
Cosmic ray ionization
The rate at which a single molecular hydrogen is ionized by an energetic proton is given by the product of the proton specific intensity, J p (E) and the ionization cross section of H 2 , σ p (E), integrated over energy and solid angle,
Ionization by the electron impact is neglected, since the energy loss though radiative processes as a results of the interaction with the interstellar magnetic field, ambient photons and charged particles is much faster, and since the ionization cross section is an order of magnitude smaller than for protons.
What kind of proton spectrum one should assume in the central few parsecs of the Galaxy? A clue comes from a high energy (up to ∼10 TeV) γ-ray observation. A point-like TeV γ-ray source was recently discovered in the Galactic center by the High Energy Stereoscopic System (HESS Collaboration) 58 which observes optical Cherenkov light of an electron-positron pair generated by the incidence of high energy γ-rays on the Earth's atmosphere. The source, HESS J1745−290, was subsequently localized to within a few arcminutes of Sgr A*. Aharonian and Neronov 59 argue that the most likely mechanism to produce such high energy γ-rays is neutral pion decay, precipitated by the acceleration of protons near the black hole. When such protons encounter cold nuclei in the ambient medium, proton-proton scattering produces neutral pions which subsequently decays pairs of high energy γ-ray photons. From the observed γ-ray spectrum, the energy spectrum of protons injected to the cold medium can be determined. Chernyakova et al. 60 calculated that the proton flux required to reproduce the observed γ-ray spectrum of HESS J1745−290 from 0.1 GeV to 100 TeV is E 2 F = 1.4 × 10 3 erg cm −2 s −1 at 1 GeV in their representation, or 7×10 4 particles cm −2 s −1 str −1 (Gev/Nucleon) −1 . For comparison, the standard proton flux in the Milky Way is 0.2 particles cm −2 s −1 str −1 (Gev/Nucleon) −1 at 1 GeV, 4, 12 which is 3 × 10 5 times smaller.
The collisional ionization of H 2 occurs via proton impact (H 2 + p → H + 2 + p + e) and electron capture (H 2 + p → H + 2 + H) and is well understood, theoretically 61 and experimentally. 2 The combined ionization cross-section is reproduced from Rudd et al., Padovani et al. 2, 3 in 10. As σ p (E) is well understood, the cosmic ray ionization rate is virtually only dependent on the proton spectrum J p (E). If J p (E) is scaled up by 3 × 10 5 times from the Galactic standard, ζ 2 becomes larger by the same factor. Such a large ζ 2 has never been observed, not even in the Galactic center; the values that we and others have reported are only larger by factors of 10-100 than those outside the center.
There could be at least two possible explanations for this huge discrepancy: uncertain extrapolation of J p (E) to the lower energy, and the non-linear dependency of H + 3 abundance on ζ 2 for very high values of ζ 2 .
As mentioned earlier the cosmic ray spectrum cannot be directly observed in the energy range where ionization of H 2 is most efficient (1-10 MeV), because of the solar modulation. At much higher energies where direct observations are possible, the number flux of cosmic ray protons increases as energy decreases from TeV to GeV according to a power law, J(E) ∝ E α , with α between −2 and −3. At lower energies the best measurements are by the Voyagers and Pioneer spacecrafts in the outer solar system. 62, 63 Although the observations are still affected by the solar modulation, the local interstellar cosmic ray spectrum can be predicted using the latest solar modulation models. [63] [64] [65] The intrinsic cosmic ray spectra are roughly flat at 0.1-1 GeV, 66 as is expected from the shorter range of the low energy cosmic rays (2.5 × 10 20 cm −2 for 1 MeV cosmic ray proton 67 ).
On the other hand, Indriolo et al. 12 found that a low-energy turnover at 0.1-1 GeV is inconsistent with the mean ionization rate inferred from H + 3 spectroscopy. Instead the proton spectrum must continue to increase down to 1 MeV, otherwise the H 2 ionization rate is too low compared to the observed ζ 2 = 4 × 10 −16 s −1 in diffuse clouds, an average value secured by H + 3 spectroscopy toward more than a dozen of sightlines. 11 A similar conclusion is reached by Neronov et al., 68 who analyzed γ-ray spectra of the molecular clouds close to the solar system known as the Gould Belt clouds. The observed γ-ray spectra were best reproduced by the cosmic-ray protons having powerlaw spectrum with a weak break (a change of the spectral index) at 9 GeV, but no turnover (change of sign of the spectral index).
The uncertain extrapolation of the cosmic ray spectrum from the observable (> 1 GeV) to unobservable energy (∼MeV) is the common problem when we calculate ζ directly from J p (E). Guided by Indriolo et al. and Padovani et al., we adapted two extreme power-law indices α = 1 and −1 at the low energy to extrapolate the proton spectrum from the break energy, which we set at 0.2 GeV. The former has a clear turnover, as indicated by the spacecraft measurements and the solar modulation models. 63, 66 The latter contains a weak break but no turnover as is proposed by Indriolo et al. and others, 68, 69 Both cases are shown in 10. The proton injection spectrum by Chernyakova et al. is well approximated by J p (E) ∝ E −2.5 down to the energy 1 GeV. The gap 0.2-1 GeV was bridged by power-law spectrum with index α = −1.25 to imitate a smooth break. The interval of the integration [E 1 , E 2 ] was arbitrarily set to 1-10 MeV. The lower cut-off energy of the integration is often set at 1 MeV, because lower energy protons do not have sufficient range to affect on the global H 2 ionization rate. However, the ionization in this particular case can be local, and the cosmic rays with short range may well contribute to ζ 2 . The calculation therefore provides only a lower limit for ζ 2 .
Integration yields ζ 2 = 5.5 × 10 −11 s −1 for the non-turnover case with α = −1 and a weak break and 1.6 × 10 −14 s −1 for α = 1 with a strong turnover. The numbers are reduced to ζ 2 = 4.6 × 10 −11 s −1 and ζ 2 = 3.3 × 10 −15 s −1 , respectively, if the break energy is raised to 0.4 GeV. In either case the cosmic-ray proton spectrum without a strong turnover is 4 orders of magnitude higher than is observed in the cloud in front of GCIRS 3. This means that, if as many relativistic protons are generated as the HESS TeV γ-ray source implies, they must be strongly damped at low energy. The requirement for damping is even stronger if the actual cut-off energy is lower than 1 MeV.
A second possible explanation for the large discrepancy is that the observed column density of H + 3 might have led to a significant underestimate of ζ 2 . We have assumed that the abundance of H + 3 linearly increases with ζ 2 , because the reaction of H + 2 and H 2 is rapid enough to justify neglecting other competing processes. At high ζ 2 (> 10 −15 s −1 ), however, destructive recombination of H + 2 with an electron becomes non-negligible, since electrons are more populous because of the high ζ 2 . 70, 71 It seems unlikely that this can completely account for the discrepancy, however.
Finally, another factor that may need to be taken into account is the time-dependent formation rate of H 2 , which would require ∼10 7 yrs to reach an equilibrium, if the formation starts from pure atomic gas. 71 The dynamical timescale of the Galactic center is short (the orbital period around the 4 × 10 6 M ⊙ black hole in Sgr A* is 10,000 yrs at 1 pc). 72 If the formation or destruction of H 2 is triggered by the changes of the external conditions of the cloud, the molecular hydrogen in the cloud in front of GCIRS 3 may not have enough time to reach steady state abundances balancing formation and destruction. At the beginning of the process, the abundance of H + 3 is less dependent on ζ 2 , but more on the H 2 abundance. ζ 2 calculated on the basis of the linear dependency on N(H + 3 ) may not correctly represent the actual cosmic ray ionization rate.
Figure 10: Proton energy distribution and ionization cross section of H 2 at 1 keV to 100 TeV. The spectrum is obtained from Chernyakova et al. 60 at E >1 GeV, and is extrapolated in two ways from 0.2 GeV to 1 MeV, using J p (E) ∝ E −1 and J p (E) ∝ E. The spectrum from 1 GeV to 0.2 GeV is bridged by J p (E) ∝ E −1.25 to imitate a smooth break. See text for details. The ionization cross section is reproduced from Rudd et al. 2 and Padovani et al.. 3 
X-ray ionization
Similar to the case of cosmic ray ionization, the Xray ionization rate is the integral over energy of the product of the X-ray spectrum F(E), and the ionization cross section σ x (E). In the X-ray regime (0.1 keV< E <100 keV), two ionization processes must be taken into account: photo-ionization in which the X-ray photon is absorbed, and Compton scattering in which the photon is scattered at lower energy. In either case, the electron liberated by the ionization is energetic enough to lead to further ionization events on H 2 . These secondary ionizations are far more numerous than the first ionization by the X-ray photon. The photo-ionization cross section of H 2 by X-ray σ xp is taken from Yan et al. 73 and Yan et al., 74 and scaled by η xp according to Wilms et al. 57 to take into account the contribution of the electrons produced by the photo-ionization of heavy elements. The Compton scattering cross section σ xc is taken from Hubbell et al., 75 and scaled by η xc to include the electrons from the compton scattering on helium. The photo-ionization and compton scattering cross sections are reproduced in 11. The number of secondary ionizations that follow the single primary ionization has been calculated by Dalgarno et al. 76 as a mean energy per an ion pair W , where the total number of ionization events per primary ionization N ion is given by N ion = E e /W , with E e being the energy of the initial (secondary) electron. Following Meijerink and Spaans, 77 we use W (1 keV) = 36 eV over the entire energy range, as W asymptotically approaches this value for photons with E>1 keV. 76 The total X-ray ionization rate is then given by
Two possible sources of X-ray photons are present in the central few parsecs of the Galaxy: X-ray point sources in the Central Cavity and diffuse X-ray emission. At least five X-ray point sources are known within 10 arcseconds of Sgr A*, 31 including Sgr A* and GCIRS 13, a compact star cluster that is thought to contain an intermediate-mass black hole inside. 78 All are of more or less similar brightness (10 32 -10 33 erg s −1 at 2-10 keV) with Sgr A* slightly brighter than the others.
Here we calculate the ionization rate caused by X-ray irradiation from Sgr A* as an example. The actual ζ 2 would be a few times larger if the contribution of other point sources are included. The observed X-ray luminosity of Sgr A* at 2-10 keV is 2.4 × 10 33 erg s −1 . 31 In order to extrapolate the spectral range to cover 0.1 keV to 100 keV, we create a spectrum using the Raymond-Smith plasma model 79 provided in AtomDB package 80 with the plasma temperature kT = 1.9 keV as suggested by Baganoff et al. 31 and normalized to match the above observed luminosity. The complete spectrum is shown in 11. The flux of Xray photons that the cloud at GCIRS 3 receives is F(E) = L * (E)/4πr 2 , where r is the distance from Sgr A* to the cloud, assuming the X-ray emission is isotropic and that there is no attenuation. The resultant ζ 2 is highly dependent on the distance to the X-ray source; using the minimum linear distance between GCIRS 3 and Sgr A* projected on the sky (=0.2 pc), ζ 2 is 5.8 × 10 −13 s −1 including the secondary ionizations, considerably larger than the value derived from the observed H + 3 lines. The second possible ionizing source is the local diffuse X-ray emission that extends ≈10 arcseconds of Sgr A*. 31 According to Rockefeller et al. 81 the emission is likely the sum of the X-ray emission from the stellar winds produced by the evolved massive stars in the Central Cluster. Its X-ray luminosity is 7.6 × 10 31 erg s −1 arcsec −2 (2-10 keV). 31 The plasma temperature that best fits the observed spectrum is kT =1.3 keV. Note that "the local diffuse X-ray emission" is compact, and local to 10 arcseconds of Sgr A*. It is distinguished from the large-scale diffuse emission known as Galactic Ridge emission, 82 and from the Sgr A halo emission, or from non-thermal emission from the supernova remnant Sgr A East, which are not included in the above value.
To estimate the ionization rate from the diffuse X-ray emission we assume a spherical X-ray emitting zone, centered on Sgr A*, of radius 1 pc, somewhat less than the inner radius of the Circumnuclear Disk, and locate the absorbing gas in front of GCIRS 3 on the surface of this sphere. The X-ray luminosity per unit volume is modeled by Rockefeller et al. 81 as a function of the distance from Sgr A*. We integrate the luminosity per unit volume to determine the total luminosity generated within the sphere. Only the outward X-ray flux was taken into account. The calculation yields ζ 2 = 4.8 × 10 −13 s −1 including the secondary ionizations, again considerably larger than the value derived from the observed H + 3 lines. We note that it is highly dependent on the radius of the emitting sphere (e.g., if the cloud is closer to the center (0.2 pc), ζ 2 is increased to 5.5 × 10 −12 s −1 ).
Prospects and Status
With sufficient numbers of suitable background sources such as GCIRS 1W and GCIRS 3 in the central few parsecs of the Galaxy and with a sufficiently extensive distribution of molecular gas within the Central Cavity, one should be able to use spectroscopy of H + 3 to detect the footprints of the ionization sources and to discriminate be- Figure 11 : Calculated photon distribution of the diffuse local X-ray emission at a distance of 1 pc from Sgr A*, and the ionization cross section of H 2 , from 100 eV to 10 keV. The spectrum was calculated from the Raymond-Smith plasma model 79 provided in AtomDB 80 with the plasma temperature kT = 1.9 keV, and scaled so that the luminosity matches to that of Baganoff et al. 31 modeled by Rockefeller et al.. 81 The photo-ionization cross is taken from Yan et al. 73 and Yan et al., 74 and Compton scattering cross section is taken from Hubbell et al.. 75 tween the various possibilities for ionization that have been put forth in the previous section. If X-rays are the main source of the ionization, ζ 2 should be enhanced close to the individual X-ray sources such as Sgr A* and the powerful wind source GCIRS 13. If cosmic rays (protons) are the main ionization source, ζ 2 would be enhanced at the inner wall of the Circumnuclear Disk, or on the compact clumps, where the relativistic protons encounter cold nuclei. Inside the Central Cavity, ζ 2 would gradually decrease with the distance from Sgr A*, as the protons lose energy as they propagate outward. High spatial sampling of ζ 2 is the key to address the primary ionization mechanism, and the possible in situ acceleration of cosmic rays by the black hole.
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